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Sommaiy 

We report the isolation from a placental library, of two cDNAs that can encode high affinity 
receptors for granulocyte colony-stimulating &ctor (G-CSF) when expressed in COS-7 cells. The 
cDNAs are predicted to encode integral membrane proteins of 759 and 812 amino acids in length. 

The predicted extracellular and membrane spanning sequences of the two clones arc identical, □ 

as are the first 96 amino adds of their respective cytoplasmic regions. DiflFerent COOH termini i 

of 34 or 87 residues are predicted for the two cDNAs, due apparently to alternate splicing. The o 

receptor with the longer cytoplasmic domain is the closest human homologue of the murine g- 

G-CSF receptor recently d^cribed by Fukunaga et al. (Fukunaga, R., E. Ishizaka-Ikeda, Y. Seto, S 

and S. Nagata. 1990. Cell 61:341). A hybridization probe derived firom the placental G-CSF i 

receptor cDNA detects a ~3-kb transcript in RNAs isolated from placenta and a number of | 

lymphoid and myeloid cells. The extracellular region of the G-CSF receptors is composed of J 

four distinct types of structural domains, previously recognized in other cell surface proteins. i 

In addition to the two domains of the HP receptor Eunily-defiLning region (Patthy, L. 1990. j 

Cell 61: D) it incorporates one NH2-terniinal Ig-like domain, and three addition^ repeats of o 

fibronectin type III~like domains. The presence of both an NH2-terminal Ig-like domain and z 

multiple membrane-proximal FN3-like domains suggests that the G-CSF receptor may be derived g 

from an ancestral NCAM-like molecule and that the G-CSF receptor may fimction in some adhesion | 

or recognition events at the cell surface in addition to the binding of G-CSF. ^ 



o 
o 



Granulocyte colony-stimulating factor (G-CSF)* is a gly- 
coprotein secreted by macrophages, fibroblasts, and en- 
dothelial cells originally identified by its ability to stimulate 
the survival, proliferation, and differentiation in ^dtro of pre- 
dominantly neutrophilic granulogtes fiom bone marrow pro- 
genitors (1). The capacity of G-CSF to regulate in vivo 
granulopoiesis is supported by animal and clinical studies, 
which demonstrated a reversible rise in circulating neutro- 
phil levels in response to administered recombinant G-CSF 
(2). G-CSF has pleiotropic effects on mature neutrophils, en- 
hancing their survival and stimulating funcdonal activation, 
including inducdon of neutrophil alkaline phosphatase (3) 
and high affinity IgA Fc receptors (4), priming for respira- 
tory burst (5, 6), and increased chemotaxis (7), G-CSF effects 



^ Ahhreviathns used in this paper. FN3, fibronectin type III homology unit; 
G-CSF, gianulotyte colony^stimulating £actor; HP leceptoi, hematopoietm 
receptor; NCAM, neural cell adhesion molecule; PRL, prolactin. 



have also been observed on hematopoiedc cells that are not 
committed to the granulocyte lineage, for example, stimula- 
tion of the proliferation or monocytic differendation in vitro 
of some myeloid leukemic cells (8-10) and, in synergy with 
other colony-stimulating fisu;tors, the proliferation in vitro of 
some muldpotential hematopoietic precursors (11-13). A re- 
cent clinical study implicates G-CSF in the regulation of 
human erythropoiesis (14). G-CSF may also affect nonhemato- 
poietic cells, since it appears to stimulate the proliferation 
and migration of endothelial cells (15), and the growth of 
cell lines derived fxom colon adenocarcinomas (16) and small 
cell lung carcinomas (17). 

These diverse effects of G-CSF are mediated by the inter- 
action of G-CSF and specific cell surface receptors. Initial 
binding studies with native murine G-CSF detected low 
numbers of receptors on responsive murine cell lines and 
human bone marrow cells of the neutrophiUc lineage (18-20). 
Affinity crosslinking studies suggested a murine receptor mo- 
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lecular weight (M,) of ~150,000 (21). G-CSF muteins with 
improved stability have been shown to bind a single class of 
sites (Kd = 100-500 pM) on circulating neutrophils (22), 
U937 cells (23), placental membranes, and trophoblasts (24). 
Similar affinities have been measured for the binding of na- 
tive G-CSF to a single class of sites on myeloid leukemic and 
small cell lung carcinoma cell lines (17). Although affinity 
crosslinking experiments detected human receptors of Afr 

150,000 on neutrophils, an additional aosslink to a protein 
of Mr ^120,000 could be detected on placental membranes, 
suggesting a more complex receptor composition (22, 24). 

Here we report the isolation from a placental library of 
two cDNA clones that encode high affinity receptors for 
G-CSF when expressed in COS-7 cells. The two clones encode 
identical extracellular and transmembrane seqiiences, but differ 
in the COOH-terminal portion of their cytoplasmic regions, 
due to what appears to be alternate splicing. The predicted 
protein sequence of one clone suggests it is the strict himian 
homologue of a recently cloned murine G-CSF receptor 
cDNA (25). 

Mateiiak and Methods 

Human G-CSF Preparation, Human G-CSF (26) was expressed 
in yeast, using the a-^ctor secretion system (27), as a mutein io 
which Cysl7 was repbced by serine and Arg22, by lysine. These 
alterations inhibit, respectively, the formation of disulfide-linked 
oligomers and inappropriate processing through destruction of a 
KexII recognition site. Alternatively, a fusion polypeptide of the 
same construct but incorporating a hydrophilic octapeptide at the 
NHj terminus to aid in puri&cation (28) was also expressed. The 
biological activities of both purified forms were ~2 x 10' U/mg 
determined in a standard proUferation assay using the murine my- 
eloid leukemic cell line DA-1. 1 U corresponds to that amount of 
G-CSF that gives half-maximal pH]TdR incorporation. 

Radiolabelm£ of G-CSF. Purified human G-CSF was radiola- 
beled to a specific activity of 7 x 10** cpm/nunol usmg a solid- 
phase chloramine-T analogue. 5 ^g of purified G-CSF and 2 /iCi 
Na^^I in 150 ^1 PBS was placed in a 10 x 75 mm glass tube pre- 
viously coated with 5 /ig of lodogen (Pierce Chemical Co., Rock- 
ford, IL) and incubated for 25 min, 4*'C. Free and ligand-bound 
iodine were subsequently separated by gel filtration through a 1 ml 
column of Biogel P-6 (BioRad Laboratories, Richmond, CA) that 
had been blocked with BSA. Radiolabeled stocks were stored at 
4°C in RPMI4640 containing 2.5% BSA, 20 mM Hepcs buffer, 
and 0.2% sodium azide, pH 7.2 (binding medium). The specific 
radioactivities of labeled G-CSF were based on determination of 
initial protein concentration by amino acid analysis, with correc- 
tion from control experiments to determine protein recovery after 
iodination, in which an aliquot of G-CSF was mixed with *^1-G- 
CSF and the iodination protocol repeated, with omission pf 
Na'«I. 

Cell Lines and Ttssue Preparations, HL60, U937, CIO, KG-1, 
HeLa, RAJI, MJ, and RPMI 1788 cell Unes were maintained in 
RPMI 1640 (Gibco Laboratories, Grand Island, NY), 10% FCS, 
2 mM glutamine, and 50 /iM 2-ME at 37**C in a humidified at- 
mosphere of 5% CO2 in air. Peripheral blood granulocytes were 
isolated by sedimentation on discontin\ious Ficoll Hypaquc (Sigma 
Chemical Co., St. Louis, MO) gradients followed by red blood cell 
lysis in ammonitmi chloride. Placental membranes were isobted 
as follows. Fresh, full-term human placenta, obtained firom Swedish 



Hospital Medical Center (Seattle, WA) on ice, were washed six 
times with ice-cold PBS to extract excess blood, and the tissue, 
trimmed of amnion and chorion, was cut into small pieces. The 
pieces were transferred to one volume of Buffer A (30 mM Hepes, 
pH 7.4, containing 0.25 M sucrose, 1 mM PMSF, 1 /xM pepstatin 
A, 10 /iM leupeptin, 2 mM o-phenanthroline, and 0.02 U/ml 
aprodnin), homogenized for five 1-min intervals with a PTlO/35 
homogenizer (Brinkman, Westbury, NY) at setting 7 and cen- 
trifug^ at 6,800 ^ for 30 min, 4**C. The supernatant was made 
0.1 M in sodium chloride and 0.2 mM in magnesium chloride and 
centrifijged at 42,000 g for 40 min at 4''C. The resulting pcUets 
were washed twice in Buffer A by resuspension and centrifiigation 
as above. The final sedimented membranes were resuspended in 30 
ml of Buffer A at a protein concentration of 10-20 mg/ml and 
stored at -70**C. 

Binding Assays and Data Analysis. For equilibriiim binding assays 
with native (placental membrane) G-CSF receptor, serial dilutions 
of *^I-G-CSF in binding media were incubated with 300 fig 
membrane (protein) in 10 x 75 mm glass tubes in a total volume 
of 100 fi\ for 2 h, 4°C. Control experiments showed equilibration 
had been reached in this time. Bound ligand was measured by sub- 
sequent collection of membranes in the reaction nuxture on glass 
micTofiber filters (Whatman, HiUsboro, OR) using a vacuum filtra- 
tion apparatus. Filters were washed three times with ice-cold 
PBS/BSA (1 mg/ml) before gamma counting. Nonspecific binding 
was determined for each data point with a control tube containing 
a 400-fold molar excess of unbbeled G-CSF. Free radiolabeled ligand 
for each data point was measured by counting an aHquot of ligand 
identically inoibated in the absence of membranes, after subtrac- 
tion of the corresponding bound counts. Binding curves were plotted 
in the Scatchard coordinate system, expressing bound ligand in units 
of finole/milligram membrane protein. 

For equilibrium binding assays with recombinant G-CSF receptor, 
COS-7 cells tramfccted with either the D-7 or 25-1 G-CSF receptor 
cDN A clone (COS-G-CSFr) were first diluted 10-fold with carrier 
cells (EL4-3* murine T cells) to prevent COS cell aggregation. 
EL4-3^ and untransfected COS cells were both shown to lack 
recepton for human G-CSF, Serial dilutions of *^I-G-CSF in 
binding media were incubated vdth cells (2 x 10^ total cells/ml) 
for 2 h at 4**C in a total volume of 150 ^1 using 96-well microtiter 
plates. Free and bound ligand were separated by centrifugation of 
dupUcate 60-fil aliquots of the reaction mixture in plastic tubes 
containing a phthalate oil mixture (29). The tubes were cut, and 
supernatant (free ligand) and pellets (bound ligand) were gamma 
counted. Nonspecific binding was determined by inclusion of a 200- 
fold molar excess of unlabeled G-CSF in the reaction mixture at 
one ligand dilution; the linearly extrapolated nonspecific bindmg 
was subtracted from each data point to generate specific binding. 
Binding parameten determined on adherent COS-G-CSF receptor 
cells were similar to those determined in the suspension assay. 

Affinity Cross-Unking. Adherent COS ceUs on lO-cm culture 
dishes transiently expressing the recombinant G-CSF receptor were 
incubated with *^I-G-CSF (1 nM) in RPMI 1640 for 2 h at 4*0 
in the presence or absence of unlabeled G-CSF (1 /xM). Cells were 
washed twice in ice-cold PBS and then crosslinked in situ with 
0.1 mg/ml bis-(sulfosuccinimidyl) suberate (BS^, Pierce Chemical 
Co.) in PBS at 25^*0 for 30 nun. Cells were subsequently washed 
twice with PBS and then lysed with 0.5 ml of PBS/1% Tnton con- 
taining protease inhibiton (2 mM PMSF, 10 /*M pepstatin A, 10 
/iM leupeptin, 2 mM o-phenanthroline, 2 mM EGT^, 1.25 mM 
benzamidkie. 0.5 mM EEXIA, and 2 fig/tal soybean trypsin inhib- 
itor). Lysates were scraped from plates, microfiiged at 12,000^ for 
10 min, and supematants retained. Placental membranes (8 mg pro- 



1560 Cloning of a Human Granulocyte ColoDy-stimuUting Factor Receptor 



tein/ml) were incubated in 1.5-nil plastic microfuge tubes with 
1 mM »^I-G-CSF in a total volume of 100 PBS for 2 h at 4*»C 
in the presence or absence of unlabeled G-CSF (1 /iM). Membranes 
were then washed two times with ice cold PBS, resuspended in 
100 of PBS, and incubated with BS' (0.1 mg/ml) for 30 min 
at 25'*C, Membranes were washed twice, then lysed in 150 /il of 
PBS 1% Triton (with protease inhibitors) for 30 min at 4'*C. 
Insoluble debris was removed by centriiugation for 30 min at 
10.000 g, and the supemattnt was retained. 

SDS-PAGE, Samples, including methyl **C-labeled molecular 
weight markers (Bethesda Research Laboratories, Bcthesda, MD), 
were boiled for 30 min in sample buffer (0.06 M THs-HCl, pH 
6.8. 2% SDS, 10% glycerol, 5% 2-ME) and analyzed on an 8% 
SDS gel (30). After electrophoresis, gels were fixed in 25% 
isopropanol, 10% acetic acid, dried, and autoradiographed with 
Kodak X-Omat AR fihn at -70*»C, 

cDNA Library Construction and Screening, Total cell RNA was 
isolated &om woole fresh placenul tissue as described below and 
polyadcnylatcd RNA prepared by chromatography on oligo(dT)-cel- 
lulose as described (31). Double-stranded. oligo(dT)-primed cDNA 
was prepared with a commercial kit (Amersham Corp., Arlington 
Heights. IL). The resulting cDNA was size fractionated by chro- 
matography on Scphacryl S-1000 (Pharmacia Pine Chdnicals, Pis- 
cataway, NJ) in 0.5 M sodium acetate. The excluded cDNA was 
cloned into the Bglll site of the mammalian expression vector, 
pDC302 (32) by an adaptor method similar to that described by 
Haymerle et al. (33). Briefly, noncomplementary oHgonudeotides 
of the sequence S'-GATCTrGGAACGAGACGACCTGCT and 5'- 
AGCAGGTCGTCTCGTTCCAA synthesized on a DNA syn- 
thesizer (model 380A; Applied Biosystems, Foster City, CA) were 
annealed and ligated in separate reactions to either cDNA or BgUI 
cut vector Nonligated oligonucleotides were separated from cDNA 
or vector by chromatography over Sepharose CIr2B (Pharmacia Fine 
Chemicals) at 65"C in 10 mM Tris (pH 8.0), 0.1 mM EEOA. 5 ng 
of adaptored vector was hgated to adaptored cDNA in 10-/il reac- 
tions containing 50 mM sodium chloride, 50 mM Ins-HCl (pH 
7.5), 10 mM magnesium chloride, 1 mM spermidine, 0.5 mM ATP, 
0.1 V/pA T4 polynucleotide kinase and 0.4 U/^1 T4 DNA ligase 
for 30 min at 37°C. Reactions were then desalted by drop dialysis 
on VSWP 013 filters (MiUipore Corp., Bedford, MA) against dis- 
tilled water for AO min immediately be&re electroporation into Euh- 
crichia colt strain DH5 a as described (34). Iransformants were ob- 
tained with an average cDNA insert size of 1.6 kb. Pools of 600 
colonies were prepared and DNA minipreps of these were trans- 
fected into COS cells as described (35). After 3 d growth in 
DME/10% PCS, the cells were screened for *^I-G-CSF binding 
by an in situ autoradiographic plate binding ass^y (36). 

RNA Analysis, Total cellular RNAs were isolated by the 
guanidinium isothiocyanate-cesium chloride method and electro- 
phorescd through formaldehyde agarose gels as described (31). RNA 
was transferred to nylon filters (Amersham) by capillary blotting 
and UV crosslinked using a Stratalinker (Stratogene, La JoUa, CA). 
Filten were probed with a ^^labeled antisense RNA prepared by 
T7 RNA polymerase transcription of a subclone of the D7 cDNA 
in pBlueSK (Straugene). High stringency blot hybridization and 
washing conditions were as previously described (35). 

Sequence Analysis. Sequences were aligned using various com- 
puter programs (GAP; 37, 38) and the progressive alignment method 
of Feng and Doolittle (39) as well as by vbual inspection. Wth 
the exception of the alignment between the human and murine 
G-CSF recepton. a consensus alignment was generated for all se- 
quences, rather than optimizing the alignment between any given 
pair of sequences. Alignment scores were generated using the NBRF 



program ALIGN using the MD data matrix with a bias of +6 
and a gap penalty of 6. The prediction of residues involved in 
jS-strands in immunoglobulin domain folding patterns used the turn 
and secondary structure prediction algorithms of Cohen et al. (40), 
the hydrophobic moment algorithm of Eisenberg et al. (41) as well 
as by inspection. 

Results 

Isolation of Human G-CSF Receptor cDNAs. Quantitative 
binding studies using radioiodinated G-CSF on a panel of 
human cell lines demonstrated low level expression of a single 
class of binding sites (N <l,0OO/cell, Ka f^l nM; data not 
shown). G-CSF receptors with a similar afltnity were detected 
on placental membranes (see below), but at a level of ~200 
finol/mg. Since binding of epidermal growth factor to A431 
cell membranes at this level would correspond to a site number 
of ~10^/cell (42) we concluded that G-CSF receptors were 
expressed at unusually high levels in placental tissue. A placental 
cDNA library was prepared in a mammalian expression vector 
and DNA bom pools of '^^600 transformants were transacted 
into COS cell that were then screened for ^I-G-CSF binding 
by contact autoradiography (37). A positive clone, D7, was 
obtained after screening 20 poob and contained a 2.6-kb cDNA 
insert that was used as a hybridization probe to identify three 
additional related clones from the same library. Restriction 
digests and DNA sequencing showed that the cDNA clones 
fell into two classes: three were of the D7 type and one of 
a somewhat diflFerent form, 25-1, shown in Fig. 1. The 25-1 
clone diflfers from the D7 clones only in its lack of a poly(A) 
tract and in the presence of a 419-bp internal sequence insert. 
This insert occun between nt 2411 and 2412 of the D7 cDN A 
and appears to be derived from an unspliced intron since it 
contains splice donor and acceptor consensus sequences at 
the junctions with the D7 sequence. 

DNA sequencing of these clones showed that the fint ATG 
occurs in a context corresponding well to the Kozak con- 
sensus sequence (CCA/GCCATG; 43) and initiates a reading 
frame that terminates after 11 codons. The next potential ini- 
tiation codon occurs 45 nt downstream, within an inferior 
Kozak context. This reading frame encodes proteins of 783 
and 836 amino acids in the D7 and 25-1 cDNAs, respectively. 
Hydropathy analysis identified two major hydrophobic regions 
in the sequence (Fig. 1 D). The first, at the NHj terminus, 
is a presumed hydrophobic signal sequence of 24 residues; 
the second, between residues 604 and 629, is a presimied trans- 
membrane domain that makes a single helical span (Fig. 1 
B). Both forms of receptor are thus composed of an extracel- 
lular region of 603 amino acids and a transmembrane region 
of 26 amino adds, but differ in the predicted COOH-tcrminal 
portions of their cytoplasmic domains. The protein encoded 
by cDNA D7 has a cytoplasmic domain of 130 amino acids, 
while the unspliced intron sequence inserted in clone 25-1 
after amino acid 725 predicts a cytoplasmic domain of 183 
residues. The COOH-terminal amino acid sequence of D7 
appean significantly more hydrophobic than that of 25-1 and 
conuins one less Cys residue (Fig. 1), Both the D7 and 25-1 
cytoplasmic sequences have high contents of proline (14.6 and 
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TaGACTKMClCamCMCMCKCTCTTQMQ*MAfiJl(MAa:AM<MGCCX^ 1\ 

■J 5 UUTSCCMCXTOaaaUACTGMacrOttCIC QOA am OTO am TAA CTT GTC CAA cat CAC AAA «CT cot OAX cat CAA Cn OCT CCT Ifil 

KS «3« OCA AOa CtO OOA AAC tOC AQC CTOACTTOaOCrOCCCTOAXCATCCTactOCKCCCaaAMTCia QA^AC TSC OCQ CAC AXC MT 394 

-34 Itot JUi Ar« Uu Oly A>A[^]Sai Uu tbr Trp Al« Al« Uu Xl« II* L»U Uu Lmi Pro Qiy &«c Uu Glu Clu |Cy«j 01y Bit tl» S«r « 

3S5 ore TCA acCCCCATCOTCCACCTaaaSOASOCCATCJ^acC tec Tqe ATC ATC AAO cm AAC TOe AQC CAT CTC OAC CCC CM CCA CM 144 

1 V*l s«r AL« Pre II* V»l Bit Ln Oly A«p fro XI* The AU f r |Qf» JIl* XI* lya «la A*n |cy« |»*t Hi* Uu Atp Pro Olu pro Ola 3& 

143 ATT era TGO ACA en OOA OCA aMCTfCMOOCOaaQOCAaaOOCMOOTCXaTCraArCGOACCCMCMTCTArCATCACCCTQCCC 414 

37 II* Uu Trp Arg Uu Cly Al* fiXu U«i Ola Pr« Cly Cly Ar^ dn Ola Art Uu s*r Atp Gly Tbr CJn Gla S*r II* 11* Ttvr Uu Pre <6 

4» CACCTCiutcCACACTCMCCCnreXC TCC nCMC cm AMCTOOOOCAACAOecXOCMATCCTOCACCMCTTAAOCTCCaCGCAGCC »4 

(7 Kit Uu Aut Hi* tttr din Al* Pb* Uu «T [cy*{Cr*] Uu A*a Trp Gly A*i) S*r Uu OId II* Uu Asp Oln V«t «lu Uu Ktq Al* Oly »C 

tACCCTCCAOCCAXACCCCACJUUCCtCTOCTaCCTCAXQjJtcCKACAACCASCAfiCCTC ATC TK CM TOS GM CCA CCA CCT OM ACC (14 

)7 Tyr Pro Pro Al* KU Pr* Si* Asa Uu »<rf^*|uu Hot A*n Uu Thr Thr S*r tec Uu Il* |Cy«) 01o Trp Ctu Pro Oly Pro Clu Tbr 136 

115 CACCrACCCACCAOCTTCACrCTaAMMVTTCAMMCOaOOQC AAC TCTT CM ACC CAA GOO GAC TCC ATC CTC CAC TOC OTQ CCC AM 704 FlgUTe 1. Humatl G-CSF feCCptOr 

137 Hi* Uu Pro Tbr far Ph* Thr UU tv* S*r Pta ty* ^9 oly Awif^goin Thr 01a Oly A.p S*r II* Uu Ah»[^v.1 Pro l#* IM cDNAs. (A) Schematic rCpieSCnUtion 

70S OAC 000 CM MC CAC TOC TOC ATC CCACaCAAACACCrOCTSTTOUCCMAATAXaOOCAXCtGSOTOCMOCAOMAATGCOCTGQOa 794 Jlld reStlictiOQ TOXD of G-CSF rCCCDtOr 

1» A*p Oly Qlo »«r IU» ley* ley* III* Pre Ar« 1^1 Bi* Uu Uu L«u Tyr Oln A*n Nat Oly XI* Trp V*l Gin Al* «lu A*t> Al* Uu oly 116 — . _ ^ , . ^ » . , 

' — ' — ' cDNA clones D7 and 25-1. Restriction 

7»5 ACC ACX: A3G Tec CO^ CAA CIO TW en a» CCC m OAT QTT OTQ AAA CIO OM CCC CCC ATC CtO 0^ tU -J*^ :«J:«»^ fcv D *«UT /D\ J i-i 

117 Thr t«r H*t s*f Pro Oln L*u fcy«l L*u Acp Pro H*t Asp V»l v*l lyi Uu OW Pro Pro mt Uu Arf Thr ttat Asp Pro l«r Pro olu 31< "*CS aiC IDOlCatea lOr DamrU ^XJ; aUQ O 

»IS oca OCC OCT OCC CM GCA sac TOC CXA CM CW toe TOO OMCCATaOCWCCAaOCCnCMATAAATCMAMTGrGMCTOOCCCK 974 aifOW nUrks thc pO" $ 

317 Al* Al* Pre Pro Oln Alt 61y[^LM Ola Uu f^ trp Olu Pre Trp Olo Pro oly Lwi «i* Il« A»a OU lyt f^ Olu Uu Ar« 81* 246 sition in the D7 SCqUCDCC at whlch the 

975 AMcoocMceToaAOAAaccAacTgaocAcsaoioooccccciecQCTioaMOCceTrcMTArGM cic tcc oog crc crc CCA OCC ioi4 25-1-specific insertion OCCUIS. The in- q. 

J47 Ly> Pre Qln Ar« Oly Olu Al* S«r Trp AU IM V*l Oly Pre L«i Pre Uu Olu Al* Uu Oln Tyr Olu Uu[^Oly L«i Uu Pro Al* 376 ScqUCnCC pTCSent Only in the 25-1 2. 

10«5 ACO OCC TAC ACC CT9 CM AZK OOC TOC ATC CaCTGOCCCCTOCCraacCACTaOACCOACTOaMCCCCACCCTeOMCTGAaAACTACC U94 Mniie U ilMlH^t««) a* 9 f\WfA Kar all ntlior ^ 

J71 Thr Al* tyr thr Uu Oln II* Art^tl. Ar« trp Pro Uu Pre oly Uis Trp a*r A»p trp S*r Pre S*r Uu clu Uu Ac^ tbt Thr 30( " lIK UCatCQ aS a nUCO Oai; aU OlDCT g 

■ ■ ' ' " ■ seauencc is identical in the two clones. 3 

1155 GAA COO OCC CCC JWCT ore AAA CtO OAC AA tOO TOO COO CM AOO CM CtO OAC COCAOOACAaTa CMCTaTTCTOOAMCCAOTOCCC 1244 j j t j< <■ 

107 clu Ar9 Al* Pre Thr V*l Arg Uu Asp the Trp Trp Arq Oln Arf Oln Lmi Asp Pre Ar« Thc V*l OU Uu Ph* Trp Lya Pre V*l Pro ]]( The dedUCed COding SegUeOCCS aTC 5 

1345 croaMaAAQACMCoaACooAXccMoaxtkroToaTrTettoaMAcocTCAoaccMacTooaoccATecToecc etc tsc aac acc hm shown as as wide hars, noncoding se- ^ 

317 UU Olu Clu Asp Mr Oly Arg ll« Ola Oly Tyr T«l v«l s*r Trp Ar, Pre S*r Oly Ola Al* Oly Al* II* Uu Pro L«i(§«]A*tt Thr ]«t quenceS aS naTTOW baTV The plcdlCted 

1335 ACA GM cTc Afic TCC ACC TtccAcctaocxTCAaAAocccMOMOtoGcccrtanoccTATAACTCAoccGoaAccTctcscoccAcc 1434 slffnal tiansfcT and ttanimemhrane se- ^ 

3*7 Thr Olu Uu <*r f^f*| Thr Fh« His I«u Pro S*r Oltt Al* Qln Olu V*l Al* Uu V«l Al* tyr Asn S*r Al* Gly Tbr S*r Ar^ Pro Thr 39« 6**^ "** ^ n-r-jri-T-i iiiwi^i**; ^ 

quences are shown crosshatched. The cS 

1415 COO etc ore rrC TCA OAA acc AOA OOC oca OaCSOACCAfiACIcaaOOCAIOOOCaiACACCCtChCACCCTCTQOCTAGCC TOO CM 1514 ^. .1 1 _/ A \ 'I r L 1 7^ 

397 Pro V*l V*l Ph* S*r Olu ler Arg Cly Pre Ala Uu Thr Arg Uu HI* Al« fist Al« Arg Aip Pre Us S*r Uu trp v*l Oly trp Clu 43t J^-reSlaUe pOiy(A} tail OX the 07 ClOUe ^ 

1515 CCCCCCAATC»TaOCCTauQGCT*T9XaAXTCMTOaOOCCIOaoCaXCCCA0COOOACCAAXACCMtcAMACC li04 shoWn aS A35. (B) Thc nUCleOtide Z 

437 pre Pre ami Pre trp Pro Oln Oly Tyr V*l II* Olu Trp Oly Uu Oly Pre Pre g*r Ala Mr Asn S*r Asn I** Tbr Trp Ar? Met Olu 4SC jjjj dcduCCd amiUO aCld SCCJUtllCC of < 

IMS CMAATOOSAAAQCCAOOCCOTTrCtQCtaAMOMAACUCAOaCCCTTTCMCICTArGMATCAXCOtGACTCcCTlCTAca^ 1*94 clonC D7. Thc Signal PfPtjdf cleavaiK 5 

457 Gin Asn Oly Arf Als Tbr Cly Rm Lm Lmi Xv* Olu AfO II* Ar^ Pro fha Oln Uu tyr Olu U* ll« v*l Thr Pre Uu Tyr Oln A*p U6 j. • ■ » * i ... . i rr 

Site predicted by the probabihty weight ^ 

1695 ACC ATO. OOA CCC TCC CM Oa OIC TAT OCC CAC TCT CAA OAA AM OCT CCC TOC CAT OCC CCA OM CTG CAT CTA AM CAC ATT OGC AM 1714 V r IJ •• /TCV • L L. "* 
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« brane spanmng sequence u udicated by 
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tion point is indicated by a solid arrow. 
(C) The nucleotide and deduced amino 

«j» IH.1, w. wi w»t u» MM UM.- MM (KA OTT TCC ACC CM COC aiA TCC CM TCI OOC ACC ACC OAT CM'OCt 1414 .1 ^ jX, I* J ^ 1 4 
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419-bp msert with sequences common 
to both 25-1 and D7. (D) On facing page. 

^ Y Hydropathidty plot of the D7 and 25-1 

receptor sequence according to the 
method ofKyte and DooHttle (76). The 
predicted signal and membrane-span- 
ning sequences are indicat ed by arrows. 
These sequence dau are available from 
EMBL/Genhank/DDJB under the ac- 
cession numbers X55720 (done D7) and 

1194 TTTAMCACCMATCATOCtCCArCCACCCCCACCCAATCOCCITtTCTOCTTOTTTCCTATAACTTCAOTATr 39J2 X55721 (cloUe 25-1). 
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13.1%, respectively) and serine (13 and 10.4%) a property 
noted for the cytoplasmic domains of many members of the 
hematopoietin (HP) receptor family (44). Neither the D7 
nor 25-1 cytoplasmic regions contain sequences indicative of 
tyrosine kinase activity (45) but Scr760 of the 25-1 receptor 
represents a potential protein kinase C phosphorylation site 
(46). The predicted sequences of both G-CSF receptors con- 



tain nine potential N-linked glycosylation sites (Fig. 1 B), 
all but one in the proposed extraceUular region. A murine 
G^CSF receptor cDNA isolated from myeloid leukemia cell 
library (25) encodes a predicted mature protein of 812 amino 
adds, identical in length to that of 25-1, and its COOH- 
termirial sequence is homologous to that of 25-1 but to D7 
only up to the position of the proposed splice site. The 25-1 
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Figore 2. Comparison of re- 
comhiDaiit and native G-CSF 
neocpton. Binding assays described 
in Material and Methods. (A) 
Specific in situ binding of ^l-G- 
CSF to COS cell-«qne5sed re- 
combinant G-CSF receptors 25-1 
(O) and D7 (•) fbr 2 h at 4°C. 
Data plotted as bound (f) vs. free 
ligand (C). (B) Replotting A in 
Scatchazd ooonlinate system. Hneai 
least squares analysis (30) yielded 
similar ligand affinities for D7 
(K/ - 1.6 nM; n - 3.0 x lO*) 
and 25-1 (Ki - 0.53 nM; « - 
5.2 X 10^); but 'vfix higher ex- 
pression levels of the former. (C) 
Specific binding of "^I-G-CSF to 
native (placental membrane) G-CSF 
receptors. Lineair least squares fit 
to Scatchard plot give a Ki of 

0.70 nM, similar to both recombinant receptors. (D) Affinity cross-linking of native (placental; lanes 7 and 2) and recombinant (COS-expressed; lanes 
3 and 4) in the absence (1 and J) or presence (lanes 2 and '^) of a 200-fbld molar excess of unlabeled G-CSF. The calculated receptor after subtrac- 
tion of ligand molecular weight, is '^^ 150,000 in both cases. Cross-linking condirions described in Materials and Methods. 
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cDNA appears, therefore, to encode the strict human homo- 
logue of the mimne receptor. At the protein level, these homo- 
logues are highly conserved in sequence (62% identity). 

Comparison of Native and Recombinant G-CSF Receptors, 
The Ugand-binding and affinity cross-linking characteris- 
tics of the recombinant G-CSF receptors encoded by D7 and 
25-1, expressed in COS cells, are compared with those of 
native (placental) receptors in Fig. 2. All three receptors dis- 
play a single class of binding sites, with equilibrium dissocia- 
tion constants of 1.6 nM (D7), 0.53 nM (25-1), and 0.67 
nM (placental). Expression levels of the D7 done, however, 
weie approximately sixfold h^her than 25-1 (298,000 v. 52,000 
sites/cell). Affinity cross-linking studies of COS-expressed 
D7 and placental G-CSF receptors detected a single subunit 
in each case with an apparent Mr of 150,000. As the cal- 
culated protein molecular mass of the recombinant receptors 
are 92 kD (25-1) and 86 kD (D7), the G-CSF receptor is 
estimated to contaLn ^35% carbohydraite by weight. Thus 
both native and recombinant receptors share similar charac- 
teristics. 

Expression of G-CSF Receptor mRNA* An antisense RN A 
transcript of the entire D7 sequence was used to probe 
Northern blots of total cellular RNAs isolated from a va- 
riety of sources (Fig. 3). A hybridizing band of ~3 kb was 
detected in placentd RNA samples (lane 4) and RNA iso- 
lated from human hematopoietic cells previously reported to 
express G-CSF receptors (17, 22, 23, 47), including the my- 
elogenous leukemia cell line KG-1 (Fig. 3, lane 7), the promye- 
locytic cell line HL-60 (lane 1), the premonocytic cell line 
U937 (lane 5), bone marrow cells (lane 7), and peripheral 
blood granulocytes (lanes 2, i), the latter containing partic- 
ularly high levels, consistent with the prominent G-CSF re- 
sponsiveness of this cell type. The KG-1 and peripheral blood 
granulocyte samples both show a minor additional hybridizing 
species at ~7 kb (lanes 2, J, and 7), as did placental RNA 
upon longer exposure (data not shown). This species was 
not detectable in cytoplasmic placental RNA, suggesting it 
is a nuclear precursor (data not shown). The observed pat- 
tern of expression suggests that one or botk of the G-CSF 
receptors cloned from the placental library also encode the 
recepton used by hematopoietic cells. Unexpectedly, we have 
also detected low levels of these transcripts in the HTLV- 
l-transfermed T cell.Unes C-10 and MJ (lanes 6, 10) and the 
B lymphoblastoid cell lines RAJI and RPMI 1788 (lanes 9, 
11), cells that are of lymphoid not myeloid lineage. The 
significance of this observation is unclear and requires fur- 
ther investigation. Under the stringent hybridization condi- 
tions used, no specific hybridization was seen with total RNAs 
isolated from HeLa cells (lane 8), dermal fibroblasts, brain, 
or COS cells (data not shown). 

Domain Structure and Sequence Homology of the Q-CSF 
Receptor. A computer search of several databases queried with 
the entire G-CSF receptor sequence revealed significant ho- 
mology of the G-CSF receptor extracellular region to three 
distinct groups of sequences: (a) members of the Ig super- 
family (48), {b) the extracellular regions of all members of 
the recently identified hematopoietin (HP) receptor family 
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a b 

Figure 3. G-CSF receptor RNA analysis. Nordiembbtt of human total 
cellolai RNAs dectiophotesed on bnnaldehyde agarose gds, hybridized 
with antisense D7 probe, and washed as described in Materi^ and Methods. 
The positions of the IBS and 28S ribosomal RNAs are indicated fay arrows. 
All lanes contain 2.5 /ig of total cellular RNA except lane 3, which has 
0.5 fig of total RNA to avoid overexposure. The blots were exposed at 
minus 80^ for diHicrent times. {A) 2-h exposure of a blot of RNA samples 
from the following sources: HIr60 (lane i), peripheral blood granulocytes 
(lanes 2, J), placenta (lane 4), U937 (lane 5). (H) 24*h exposure of a blot 
of RNAs isobted the following sources: C-10 (lane tf), KG-1 (lane 
7), HeLA (lane 5), RAJI (lane MJ (Une 10), RPMI 1788 0«ic M), 
aspirated pelvic bone marrow (laiie 12), 



(44, 49-53) and (c) the type III homology units (FN3) of 
several vertebrate fibronectins (54) and qeund cell adhesion 
molecules (NCAMs) (55, 56). Each of these homologies is 
localized to discrete regions of the extracellular portion of 
the G-CSF receptor. The NHrtcrminal 90 residues of the 
G-CSF receptor show statistically significant aligimient scores 
(>3 SD) with several members of the Ig super£unily (data 
not shown). Fig. 4 A shows a consensus alignment of these 
NHrtcrminal residues with the NHrtemainal sequences 
from the murine G-CSF receptor (25), human II1-6 receptor 
(57), and light chain domains of Ig NEW (58, 59). The G-CSF 
receptor contains an invariant 1^ two appropriately spaced 
Cys, and other residues in conserved positions that define 
Ig-hkc domains (48). Cys23 and Cys79 of the G-CSF receptor, 
therefore, are likely to form a disulfide loop characteristic of 
the Ig fold (60). This sttuctural motif is further supported 
by the presence of sequences predicted to form the j3 strands 
characteristic of Ig domains (underlined Fig. 4 A), 

The ~2(X) residue segment of the G-CSF receptor fol- 
lowing the Ig-like moiety (Arg94 to Pro 299) shows strong 
homology to extracellular regions of all members of the HP 
receptor family (ALIGN scores Fig. 4 D) (44) and is shown 
aligned with the corresponding segments of the murine 
receptor and other selected family members in Fig. 4, B and 
C. This region contains the sequence features that define the 
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Figure 4. Homology domains of the G-CSF 
receptor. (A) Alignment of the human and mu- 
rine G-CSF receptor NHrtcrminal Ig-like do- 
main with the human IIr6 receptor Ig-like do- 
main and the sequences &om the light chains 
of IgNEW (58. 59). Boldfecc type indicates 
residues conserved in Ig domains. Underlined 
residues indicate the actual residues involved 
in the ^-strands of the Ig domain folding pat- 
tern in the case of NEW and predicted residues 
comprising the same strands for the receptor 
sequences. (B) Alignment of the himian and 
murine G-CSF receptor HP receptor family- 
defining region cysteine-rich domains (62) with 
sequences from the same region of the recepton 
for Ur3, erythropoietin, and prolactin (53. 
57. 77, 78). The conserved Cys and Tip residues 
of the HP receptor femily (44, 49-53) are indi- 
cated by asterisks and shading. Cys residues are 
in boldface type: (C) Alignment of the four 
fibronectin type III (FN3) domains of the 
human and murine G-CSF receptor extracellular region with the FN3-like domains of the HP receptor family defining regions (62) of the receptors 
for IL6, 1^3, erythropoietin, and prolactin and with the five FN3 repeats of murine LI NCAM (55) the second FN3 repeat of Drosophila neuroglian 
(63) and four type III repeats of human fibronectin (64). Asterisks and shading indicate the three residues conserved in all 16 repeats of human fibronectin. 
Shading indicates other residues conserved in some FN3 domains and the WSX WS motife. Cys and 1>p residues are in boldface type. (D) Scores generated 
by the NBRF ALIGN program (38) for the indicated sequences. 
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HP receptor family; notably a lip and four Cys residues (fwxes, 
asterisks: Fig. 4 B) conforming to a conserved pattern (49-53) 
found in nearly ^ HP recepton (44) and a COOH-termind 
WSXWS motif (50-53) which has proven to be a haUmark 
of the HP receptor family (44). The four Cys residues form 
two successive disulfide loops in the growth hormone receptor 
(61), and it is likdy that a similar pairing occurs in the G-CSF 
receptor between Cysl07 and 118» and Cysl53 and 162. A 
recent sequence analysis of the HP receptor Eimily-defining 
region (62) has suggested it can be resolved into two distinct 
elements each ~100 residues in length: one NHa-terminal 
"cysteine-rich" region and a COOH-terminal "cysteine-poor" 
region, the latter homologous to fibronectin type III repeats. 
Although in the G-CSF receptor these two regions do not 
differ significantly in number of Cys residues (NHa-ter- 
minal, 6; COOH-terminal, 5), the last 100 residues of the 
region do contain the sequence features characteristic of FN3 
repeats, as shown by alignment with examples of FN3 repeats 
from human fibronectin (54) and two neural cell adhesion 
molecules, murine LI (55) and Drosophila neuroglian (63) 
in Fig. 4 C. The FN3-like character of the region is demon- 
strated by the presence of three residues, 1rp229, Leu274, 
and Tyr279 (asterisks), in the pattern which is the sole se- 
quence fieature absolutely conserved in all of the type III repeats 
of fibronectin (54, 64). Although this region of the G-CSF 
receptor exceeds the low Trp and Cys content characteristic 
of FN3 repeats (54) its designation as an FN3-like domain 
is further supported by statistically significant ALIGN scores 
when compared with 14 of the 16 type III repeats of human 
fibronectin (data not shown). 

The ^300 residues of the G-CSF receptor bordered by the 
WSXWS motif and the transmembrane region also show 
significant homology to FN3 repeats of several vertebrate 
fibronectins and NCAMs, suggesting this region consists of 
three additional repeats of this dement. These proposed FN3- 
like domains are shown aligned with the corresponding seg- 
ments of the murine receptor and the examples of FN3 repeats 
in Fig. 4 C. These three FN3-like domains of the G-CSF 
receptor contain the conserved Tip and Tyr residues, described 
above, but only the last domain contains the hallmark Leu, 
a residue only partially conserved in NCAM FN3 repeats. 
These domains of the G-CSF receptor also contain a pair of 
aromatic residues common to the FN3-like domains of many 
NCAMs and fibronectins (boxed). The four proposed FN3- 
like domains of the G-CSF receptor each contain at least three 
Trp residues, and in this respect resemble the FN3 repeats 
of NCAMs rather than those of fibronectin. The proposed 
second, third, and fourth FN3 domains of the G-CSF receptor 
gave significant ALIGN scores respectively to 4, 13, and 15, 
of the 16 type III repeats of human fibronectin (data not 
shown). 

Discussion 

Here we report the isolation and characterization of two 
distinct types of G-CSF receptor cDNAs firom a human 
placental library. The equilibriiun ligand binding and cross- 
Unking characteristics of the recombinant receptors are similar 



to those of native recepton on placental membranes (Fig. 2). 
The D7 and 25-1 cDNAs are predicted to encode integral 
membrane glycoproteins, 759 and 812 amino acids in mature 
length, respectively. The predicted molecular masses of these 
recepton, 86 and 92 kD, arc substantially less than the ~150 
kD inferred by affinity crossUnking, suggesting that some 
or all of the nine potential N-linked glycosylation sites con- 
tain carbohydrate. The two receptors share identical extracel- 
lular (603 aa) and transmembrane (26 aa) regions, as well as 
the fint 96 residues in their cytoplasmic regions, but have 
alternate COOH-terminal sequences of 34 residues (D7) and 
87 residues (25-1). The nucleotide sequences of the two cDN As 
indicate that they are probably derived firom alternatively 
processed transcripts of the same gene, since they differ only 
with respect to a 419-bp insert in the 25-1 cDNA that ap- 
pears to be an unspliced intron. A recently reported murine 
G-CSF receptor cDNA (25) encodes a protein that shows 
strong homology to both placental G-CSF receptors up to 
the spUce point in the cytoplasmic domain, after which the 
homology continues only in the 25-1 done, indicating it is 
the strict human homologue of the reported murine receptor. 
It is unclear if the reported murine G-CSF receptor cDNA 
sequence has the splicing potential to encode an alternate 
COOH-terminus. Inspection of the murine sequence reveals 
a very similar (murine, CAG GTCCTC; human, CAG 
GTCCTT) potential splice donor sequence located within 
the same DQ/VLY peptide sequence as the human 25-1 
cDNA. However, while there are potential splice acceptor 
sites in the murine sequence, translation of the sequences 
downstream in all three reading frames reveal no significant 
homology to the D7 type COOH terminus. Thus, genera- 
tion of a D 7- type cytoplasmic terminus in murine G-CSF 
receptors might be possible if an alternative splice acceptor 
site exists in 3' sequences of the murine gene. 

Differential splicing results in the tissue-specific expression 
of transcripts encoding alternate cytoplasmic domains for at 
least two other cell surface proteins, rat liver prolactin (PRL) 
receptor (65) and chicken NCAM (66). The tissue specificity 
of expression of the potential G-CSF receptor isoforms re- 
mains to be determined at both the mRN A and protein level, 
but a preliminary analysis with specific oligonucleotide probes 
suggests human granidocytes express predominantly transcripts 
of the 25-1 type (data not shovoi). This raises the possibility 
that the D7 receptor is specifically expressed at higher levels 
in nonhematopoietic cells such as placenta, and suggests that 
the alternate cytoplasmic domains may confer functional differ- 
ences to the two recepton. It has been proposed that the smaller 
form of the PRL receptor functions in ligand transport across 
epithelial barriers in liver rather than in signal transduction 
(65). By analogy the D7 isoform of the G-CSF receptor may 
serve to transport or sequester G-CSF in placental tissues. 
Alternatively, the two isoforms may differ in signal trans- 
duction properties, reflecting in part, the diverse biological 
effects of G-CSF. While the signal transduction mechanism 
of the G-CSF receptor is unclear, it is interesting that the 
25-1 receptor, unlike D7, does contain one potential C ki- 
nase phosphorylation site (46). Signal transduction may also 
be effected through a distinct subunit with which the Ugand- 
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G-CSF receptor complex interacts, as is found in the gpl30- 
IL-6 receptor system (67). Conceivably, this subunit may be 
gpl30 itself, and it is interesting, in this regard, that IL-6 
and G-CSF show significant sequence homology (68), and 
their receptors share a similar domain composition (see below). 
Both G-CSF receptor cytoplasmic domains contain a high 
proportion of Pro and Set residues, like those of many other 
HP receptor family members (44), the significance of which 
remains to be elucidated. The cytoplasmic sequence of these 
receptors may influence stability, cellular locaHzation, or as- 
sociation with other membrane proteins. 

The extracellular region of the G-CSF receptor consists 
of three distinct regions of homology to other cell surfiice 
proteins: (a) a ~90 residue NH2-tenninal Ig-like region, (J) 
a ^^200 residue HP receptor super&mily-defining region, and 
(c) ~300 residues of three tandem FN3-like repeats. Consis- 
tent with the proposal of Patthy (62), the COOH-terminal 
100 residue segment of the HP receptor family-defining re- 
gion of the G-CSF receptor appears to be an FN3-like do- 
main, albeit one with an elevated Irp and Cys content that 
is unique among FN3 repeats. Since many protein domains 
are ~100 residues in length, it is likely that the NH2- ter- 
minal **cysteine-rich" or double-loop region of the HP receptor- 
defining region is, like the WSXAX^-containing FN3 element, 
a discrete structural domain- Thus, the structure of the G-CSF 
receptor extracellular region can be resolved into the 6 do- 
mains of '^lOO residues each shown schematically in Fig. 5. 
By this analysis, the G-CSF receptor appean to be a mosaic 
of four types of domains, two found associated only in HP 
receptors (double-loop and WSXWS-FN3) and two found 
together in NCAMs (NHrterminal Ig and membrane- 
proximal FN3s). Given the likelihood that the Ig super&nily 
molecules of the inmiune system arose firom NCAM-like an- 
ceston (48), it is tempting to speculate that the G-CSF receptor 
retains the domain structure of an early intermediate in the 
evolution of the HP receptor superfiunily from these same 
ancestors. Successive deletion of the terminal extracellular do- 
mains of a G-CSF receptor-like molecule could thus yield 
all known HP receptor domain structures; deletion of the 
three FN3 domains yields an IIr6 receptor-like structure, and 
fiirther deletion of the Ig domain leads to the core domain 
structure of most HP receptors, which is duplicated in the 
case of the IL-3 receptor. Key to such a proposal is determina- 
tion of the origin of the cysteine-rich or double-loop domain, 
thus &r a unique domain feature found only in the HP 
receptors, but which, like the Ig and FN3 domains, may also 
have arisen from a domain in some NCAM-like ancestor. 

The fiinction of these structural domains in the G-CSF 
receptor is unclear. The HP receptor fiunily-dcfining region, 
which comprises the entire extracellular region of many of 
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HP Re 

Figure 5. Schematic representation of the nominal structure of hema- 
topoietin recepton and a typical neural cell adhesion molecule. Ig-lilce do- 
mains are shown as large loops. FN3 domains are shown as rectangular 
boxes. The cystcine-rich, double-loop domains of HP receptor femily- 
defining regions are shown as a pair of smaD loops, to represent the disulfide 
pairing determined for himian growth hormone receptor (61). The FN-3 
like domain of HP receptor &mily^de£ning regions is designated as a 
rectangular box crossed by a heavy bar representing the WSX WS motif. 
Sequences represented are rat NCAM (rdference 79 as drawn in 56), IL6 
receptor (57), and 11^3 receptor (53). 

these receptors, presumably contains the ligand binding site 
of the G-<2SF receptor. The Ig and extra FN3-like domains 
of the G-CSF receptor may confer additional activities to this 
receptor, similar to the complex functions recognized for these 
domains in other cell surface molecules. These generally ap- 
pear to involve participation in some form of cell recognition 
or adhesion. Both types of domains are capable of homo- 
typic and heterotypic interactions (48, 69) that might lead 
to receptor self-association or binding to other proteins. Specific 
functions have been attributed to some type III repeats of 
fibronectin, including the binding of cells and heparin (70, 
71) and heparin binding activity is also a property of at least 
one neural cell adhesion molecule (72). The potential for simul- 
taneous recognition of heparin and G-CSF by the (^CSF 
receptor would have interesting functional implications, es- 
pecially in light of the affinity of the heparin component of 
extracellular matrix for CSFs (73. 74). The particular response 
of a cell to G-CSF could thus depend on its adherence or 
that of G-CSF to the extracellular matrix. Alternatively it 
coiJd allow G-CSF to mediate or specify interactions between 
cells and matrix, thus, directing margination or chemotaxis. 
The cloning of the human G-CSF receptor will provide re- 
agents useful m the further elucidation of the biological roles 
of G-CSF and mzy allow development of new diagnostic or 
therapeutic agents. 
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